When using bifunctional core@shell catalysts, the stability of both the shell and core-shell interface is crucial for catalytic applications. In the present study, we elucidate the stability of a CuO/ZnO/Al 2 O 3 @ZSM-5 core@shell material, used for one-stage synthesis of dimethyl ether from synthesis gas. The catalyst stability was studied in a hierarchical manner by complementary environmental transmission electron microscopy (ETEM), scanning electron microscopy (SEM) and in situ hard X-ray ptychography with a specially designed in situ cell. Both reductive activation and reoxidation were applied. The core-shell interface was found to be stable during reducing and oxidizing treatment at 250°C as observed by ETEM and in situ X-ray ptychography, although strong changes occurred in the core on a 10 nm scale due to the reduction of copper oxide to metallic copper particles. At 350°C, in situ X-ray ptychography indicated the occurrence of structural changes also on the µm scale, i.e. the core material and parts of the shell undergo restructuring. Nevertheless, the crucial core-shell interface required for full bifunctionality appeared to remain stable. This study demonstrates the potential of these correlative in situ microscopy techniques for hierarchically designed catalysts.
INTRODUCTION
In recent years, core@shell materials with hierarchical structures spanning different length scales have attracted a lot of attention in heterogeneous catalysis, as their unique structure has been shown to result in enhanced catalytic behavior (Zhong & Maye, 2001; Sankar et al., 2012; Zaera, 2013; Schwieger et al., 2016) . These materials require characterization on different length scales, where microscopic studies are one of the key techniques available (Weckhuysen, 2009; Basile et al., 2010; Grunwaldt & Schroer, 2010; Grunwaldt et al., 2013) . In general, core@shell-type catalysts can be divided into three groups based on the specific function of the core and the shell:
(i) Bimetallic core@shell nanoparticles (Zhong & Maye, 2001; Huang et al., 2010; Sankar et al., 2012; Zaera, 2013) in which the catalytic activity of the surface is improved by the core@shell design (length scale: 2-50 nm).
(ii) Catalyst core@porous inert shell (Lee et al., 2011; Xu et al., 2013) in which the catalyst lifetime can be improved by encapsulation of the catalytically active core in a porous, protective shell or inside pores (usually in the length scale: 5-200 nm). This can prevent catalyst deactivation through sintering or coking for example.
(iii) Catalyst core@porous catalyst shell structures for consecutive, e.g. two-step reactions (Yang et al., 2007 (Yang et al., , 2010 (Yang et al., , 2012 Bao et al., 2011; Lee et al., 2011; Li et al., 2012 Li et al., , 2015a Nie et al., 2012; Pinkaew et al., 2013; Wang et al., 2013 Wang et al., , 2014 Ding et al., 2015; Garcia-Trenco & Martinez, 2015; Phienluphon et al., 2015) , in which the hierarchical combination of two catalytically active materials in a core@shell arrangement enables two reaction steps in one single process stage [length scale: 500 nm to millimeters, called product design (Ng et al. 2007) ]. *Corresponding author. grunwaldt@kit.edu Although the latter combination can also be realized using hybrid catalysts or physical mixtures (Ge et al., 1998; Prasad et al., 2008; Abu-Dahrieh et al., 2012; Ahmad et al., 2014; Allahyari et al., 2014; Gentzen et al., 2016) , the core@ shell design additionally allows exploitation of synergistic effects. Because of the hierarchical ordering of active sites in the core and shell, products formed at the core have to diffuse through the porous shell and can thereby be converted into the final reaction product. Hence, the product formed at the core is constantly removed by the subsequent reaction shifting the equilibrium to the product side. This has been demonstrated for the synthesis of hydrocarbons from synthesis gas (syngas), via the combination of Fischer-Tropsch synthesis and subsequent cracking/isomerization in a core@shell catalyst (core: Fischer-Tropsch catalyst, shell: solid acid catalyst) (Yang et al., 2007 Bao et al., 2008 Bao et al., , 2011 Sun et al., 2012) and likewise, for the one-stage synthesis of dimethyl ether (DME) from synthesis gas (Yang et al., 2010 (Yang et al., , 2012 Garcia-Trenco et al., 2012; Li et al., 2012; Nie et al., 2012; Pinkaew et al., 2013; Wang et al., 2013 Wang et al., , 2014 Ding et al., 2015; Phienluphon et al., 2015) . The latter system presently receives a lot of attention, as DME is a high-value platform chemical that can be further processed into a wide range of products. DME is regarded as a promising clean fuel because of its low soot, CO and NO x emissions as well as its good storage possibilities (Azizi et al., 2014) , especially when sourced from "green" synthesis gas derived from biomass gasification (Dahmen et al., 2012) . In general, the two reaction steps for DME synthesis are methanol formation over e.g. a Cu/ZnO-based catalyst and its subsequent dehydration over a solid acid catalyst such as a zeolite [e.g., MFI-type zeolite H-ZSM-5 (Li et al., 2012; Nie et al., 2012; Yang et al., 2012; Ding et al., 2015; Garcia-Trenco & Martinez, 2015) and silicoaluminophosphates (Pinkaew et al., 2013; Phienluphon et al., 2015) ] or alumina (Hayer et al., 2011; Wang et al., 2013 Wang et al., , 2014 .
As shown in Figure 1 , in such a bifunctional core@shell catalyst, the two functionalities are arranged in such a way that the reactants (synthesis gas) have to diffuse to the core where methanol is formed. Once formed, the concentration gradient forces methanol to diffuse through the acidic shell, where it is subsequently converted to DME. At the same time, the nearby consumption of methanol promotes the synthesis gas conversion (Ge et al., 1998; Prasad et al., 2008; Abu-Dahrieh et al., 2012; Allahyari et al., 2014; Gentzen et al., 2016) .
Because of the strong dependence of activity and selectivity on the catalyst structure, it is important that the core-shell interface remains stable, even under reaction conditions or strongly reducing conditions required for catalyst activation. To assess the stability of the catalyst, a hierarchical in situ imaging approach is required on all length scales to uncover the specific functional catalytic properties: from the atomic scale (0.1-5 nm), to the interfaces on an intermediate length scale (20-500 nm), and the full structure of particles on the micrometer (µm) scale (Weckhuysen, 2009; Basile et al., 2010; Grunwaldt & Schroer, 2010; Grunwaldt et al., 2013) . Several techniques have been developed during the past years. On the one hand X-ray microscopy with X-ray absorption, diffraction (XRD), and fluorescence contrast has been found to give information on the µm and sub-µm scale (Meirer et al., 2011) , even under in situ (Price et al., 2015b) and quasi in situ conditions (Markötter et al., 2011; Hofmann et al., 2015) . On the other hand, electron microscopy including electron tomography has been developed for gaining insight on the atomic level (Hansen et al., 2002; Goris et al., 2012) . Using differentially pumped microscopes (Hansen & Wagner, 2012) or closed cells (Creemer et al., 2010) , in situ studies are possible but are still constrained with respect to sample dimensions and gas pressure. Although the spatial resolution with hard X-rays is limited, they offer a higher penetration depth and allow imaging under more realistic reaction conditions (de Smit et al., 2008; de Groot et al., 2010; Falcone et al., 2011; Cats et al., 2013) and thus the complementary use of these electron and X-ray microscopy techniques is beneficial (Thomas & Hernandez-Garrido, 2009; Li et al., 2015b; Stach et al., 2015) . In particular, hard X-ray ptychography Høydalsvik et al., 2014) as a high-resolution X-ray microscopy technique has reached spatial resolutions below 10 nm (Vila-Comamala et al., 2011; Schropp et al., 2012) and is thus attractive for in situ studies (Baier et al., 2016a) . In addition, the application of resonant X-ray ptychography offers chemical contrast (Beckers et al., 2011; Hoppe et al., 2013) , and if the coherent small-angle X-ray scattering (SAXS) contribution is analyzed, further information on nanostructured materials can be obtained, for example from in situ anomalous SAXS (Andreasen et al., 2006) . Here we examine the potential to investigate the structure and stability of a core@shell catalyst for direct synthesis of DME using complementary in situ X-ray ptychography and environmental transmission electron microscopy (ETEM). The bifunctional catalyst consists of a CuO/ZnO/ Al 2 O 3 core, encapsulated within a zeolite ZSM-5 shell. As the CuO/ZnO system usually undergoes structural changes upon reduction and under reaction conditions (Grunwaldt et al., 2000; Andreasen et al., 2006; Holse et al., 2015; Studt et al., 2015; Kuld et al., 2016) , it may influence the stability of the core-shell interface, especially since volume changes of 42% (reduction to metallic Cu) and 72% (reoxidation to CuO) are expected (Holse et al., 2015) . The complementary nature of the two microscopic methods was exploited on model thin slices to probe the catalyst stability on the atomic scale using in situ electron microscopy (model conditions), and at ambient pressure on a thicker sample and larger sample area using in situ X-ray ptychography (Fig. 1 ).
MATERIALS AND METHODS

Catalyst Preparation
A microsized core@shell catalyst was prepared according to the procedure described previously (Ding et al., 2015) . In brief, a commercial CuO/ZnO/Al 2 O 3 methanol catalyst was ground and sieved to a size of 80-100 µm. The shell was synthesized via the two-step hydrothermal synthesis approach of in situ silicalite-1 seeding, followed by the secondary growth of a ZSM-5 zeolite shell. After calcination, CuO/ZnO/Al 2 O 3 @H-ZSM-5 particles with a mean shell thickness of~5 µm were obtained and further processed. The catalyst was characterized by scanning electron microscopy (SEM) and powder XRD (see Supplementary Figs. 1 and 2).
Supplementary Figures 1 and 2
Supplementary Figures 1 and 2 can be found online. Please visit journals.cambridge.org/jid_MAM.
Sample Preparation for Electron Microscopy, ETEM and In Situ X-Ray Ptychography
The calcined core@shell catalyst particles were embedded between two pieces of silicon substrate using a M-bond 610 (Agar Scientific Ltd, Stansted, UK) resin. After drying at 110°C for 24 h, the sample was polished from two sides to obtain a thin cross-section. This section was fixed between two molybdenum transmission electron microscopy (TEM) grids with a 1 mm aperture and further thinned down using argon ion milling. By this approach, a 100-nm-thick sample with a wedge shape was obtained, which was directly used for ETEM imaging (Fig. 1b) .
For in situ X-ray ptychography, a 300-400 nm thick sample (prepared as described above for the ETEM study, Fig. 1b ) was transferred into a focused ion beam (FIB) microscope to be further processed. FIB micromanipulation was used to cut a piece of 10 × 17 µm 2 , containing the core-shell interface. This piece was then transferred to a Protochips E-Chip TM (Protochips, Inc., Morrisville, NC, USA) (Allard et al., 2009 ) and fixed on the chip by platinum deposition. For FIB micromanipulation, a FEI Helios EBS3 dual beam microscope located at the Center for electron nanoscopy (Cen) of the Technical University of Denmark (DTU) was used.
Electron Microscopy
SEM images were collected on: (a) polished cross-sections of embedded catalyst grains (M-bond 610) and (b) samples prepared for in situ X-ray ptychography (described previously). Images were obtained using backscattered electron (BSE) contrast with the FEI Helios EBS3 dual beam microscope (FEI, Hillsboro, OR, USA) located at DTU-Cen operating at 5 kV. Energy dispersive X-ray spectroscopy (EDX) mapping was performed at 5 kV using an EDAX SD Apollo 10 Pegasus System (AMETEK, Mahawah, NJ, USA). After the in situ X-ray ptychography, BSE-SEM images were recorded using a Zeiss Auriga 60 dual beam FIB system (Carl Zeiss AG, Oberkochen, Germany) at the Karlsruhe Nano Micro Facility (KNMF), located at the Institute for Nanotechnology at Karlsruhe Institute of Technology (KIT). EDX mapping was performed at 5 kV (EDAX Octane Super System: AMETEK, Mahawah, NJ, USA).
Bright field TEM was performed for comparison between phase contrast images obtained by in situ X-ray ptychography, using a FEI Tecnai T20 G 2 (FEI, Hillsboro, OR, USA) operating at 200 kV. For in situ studies under varying reducing/ oxidizing conditions, ETEM was performed at 300 kV using a FEI Titan E-Cell 80-300 ST TEM (FEI, Hillsboro, OR, USA) equipped with an aberration corrector for the objective lens. Scanning transmission electron microscopy (STEM) images were acquired by a Fischione model 3000 (E.A. Fischione Instruments, Export, PA, USA) high-angle annular dark field (HAADF) STEM detector and electron energy loss spectroscopy (EELS) was performed using a Gatan Tridiem Imaging Filter (Gatan, Inc., Pleasanton, CA, USA). For reduction, H 2 at a pressure of 1.1 mbar was applied for 30 min while the sample was heated up to 250°C at a heating rate of 10°C/min. The sample was kept under reducing atmosphere for 90 min until the EELS signal appeared stable before images were considered to represent the reduced state. For reoxidation, the sample was kept at 250°C, evacuated and O 2 was inserted until a pressure of 3.2 mbar was reached. STEM images were acquired after 90 min of gas exposure. TEM measurements were performed at DTU-Cen.
In Situ X-Ray Ptychography
In situ X-ray ptychography was performed starting with the core-shell interface region of the calcined catalyst, mounted on a Protochips E-Chip TM (Allard et al., 2009) . Here, a dedicated in situ cell (Baier et al., 2016a) based on heating by Protochips E-Chip TM with Si 3 N 4 windows of~50 nm in thickness was used. The cell enables heating under a controlled gas atmosphere. A flow of 3 mL/min of 4% H 2 /He was used for reduction, whereas 3 mL/min of 20% O 2 /N 2 was used for reoxidation. The samples were heated using the resistive heating capability of the E-chip TM . For the different temperature steps, the temperature was determined by Infrared (IR) thermography with an ImageIR ® 8300 camera from InfraTec (InfraTec GmbH, Dresden, Germany) equipped with a macro objective M = 1.0 × with a field of view of 9.6 × 7.7 mm and a pixel size of 15 µm [as described in Baier et al. (2016b) ] and heating rates of~10°C/min were applied. Before changing the gas atmosphere, the temperature was temporarily decreased by 100°C to avoid sudden temperature changes due to different thermal conductivity of the gases. However, short temperature spikes of about 150°C could not be avoided completely. The sample was kept at each condition for 3 h such that it was exposed to the X-ray beam for 15 h in total. No effects directly related to the exposure to the X-ray beam could be observed.
In situ X-ray ptychography was performed at the P06 Nanoprobe endstation of the high brilliance synchrotron light source PETRA III at DESY, Hamburg, using a photon energy of 9.032 keV. The beam was focused using a coherently illuminated zone-doubled Fresnel zone plate (Vila-Comamala et al., 2011) made of iridium with a diameter of 150 µm and an outer-most zone width of 25 nm, corresponding to a focal length of about 27 mm at this energy. The samples were placed at a distance of about 60 µm downstream from the focus, such that the illumination on the sample had a diameter of about 260 nm. Ptychographic scans were recorded by scanning the sample over a field of view of 5 × 5 µm 2 in a grid of 60 × 60 steps with a step size of 80 nm. At each scanning position diffraction patterns of 0.5 s exposure time were recorded with an EIGER X 4 M detector (DECTRIS Ltd, Baden-Daettwil, Switzerland) with 75 µm pixel size placed 2.1 m downstream from the specimen. Including motor movements, the total duration of one scan was about 45 min.
The algorithm used for reconstruction was based on the (e)PIE algorithm presented by Maiden & Rodenburg (2009) . Cropping the diffraction patterns to 256 × 256 pixels led to a pixel size of~15 nm in the reconstructed images. To estimate the spatial resolution, a Fourier ring correlation (FRC) analysis (van Heel & Schatz, 2005) was performed. As a common procedure, the ptychographic data set was split in two, with each set containing every second scan point. Afterwards, the ptychographic reconstruction was performed for each of these half data sets. Before correlating the phase reconstruction, a Kaiser-Bessel window function with a size equal to 1.5 was applied to the images, in order to reduce artifacts caused by erroneous high frequencies resulting from the edges of the limited field of view of the reconstructions. The FRC results in an upper limit for the spatial resolution of about 28 nm (see Supplementary Fig. 3 ). 
Supplementary Figure 3
RESULTS AND DISCUSSION
Electron Microscopy
The core@shell particles were first studied in the as-prepared state by ex situ SEM. A cross-section BSE-SEM image is shown in Figure 2 . In Figure 2a , the general core-shell structure is clearly visible, revealing a shell with~5 µm thickness, and a core diameter of around 70 µm. Apart from the evident core-shell structure, the shell varied in appearance or integrity, from a continuous well-connected structure shown in Figure 2c (dashed white box in Fig. 2a ), to a more fractured appearance (solid white box in Fig. 2a ) presented in Figure 2b . The latter areas, especially cracks continuing to the surface of the particle, are expected to be problematic in maintaining bifunctionality, because methanol can escape without dehydration to DME. The well-connected core-shell interface is therefore considered to be a desirable feature. Because of the application of BSE contrast, which is sensitive to changes in the mean atomic number (Z) of a material (brighter corresponds to higher Z), the inhomogeneous nature of the core can be observed, revealing irregularly distributed high-Z material as well as large pores (~5 µm). Figure 3 shows STEM-HAADF images of a well intergrown part of the core-shell interface. The shell (Fig. 3b ) seems to be in close contact to the core material with a complete coverage of needle-shaped core material intergrown with the zeolite shell.
To study the stability of the core-shell interface during activation under model gas conditions,~100 nm thick coreshell interface (Fig. 3 ) was studied during reduction (1.1 mbar H 2 ) and reoxidation (3.2 mbar O 2 ) with ETEM. Both treatments were conducted at 250°C. Figure 4 shows three STEM-HAADF images from the core-shell interface (top) and corresponding EELS on the core area (bottom). In the top row, the interface between the bright core on the right and the darker shell on the left of the images is visible. A darker area was visible in the center of the core area of the reduced sample (Fig. 4b) , compared with the as-prepared and reoxidized sample (Figs. 4a, 4c, respectively) , showing a size decrease of the bright core material. This observation is in agreement with the expected shrinkage of CuO particles on reduction to metallic Cu of about 42% (Holse et al., 2015) . Upon reoxidation the particle size apparently increased again, revealing a brighter center of the image, although the Cu-containing phases appear less defined. Notably, the coreshell interface itself remained unchanged during redox treatment. In addition to imaging during the redox treatment, EELS analysis was performed to qualitatively determine the oxidation state of copper, due to limitations in sample thickness. The decrease in the characteristic Cu L 2 , L 3 edges for CuO from Figures 4a and 4b indicates successful reduction of copper by treatment in H 2 . Reoxidation was indicated by an increase in the white line intensity (Fig. 4c) . Figure 5 shows the core-shell interface region during the same treatment at higher spatial resolution. Changes with respect to the image under previous conditions are highlighted by red arrows. In accordance with the behavior observed in Figure 4 , the Cu-containing core particles became more separated and defined, with longer interparticle distances on the nanometer (nm) scale during reduction, possibly due to the volume decrease of the Cu particles formed by reduction of CuO. After reoxidation, the area occupied by Cu-containing material increased again, the interparticle pores decreased and the particles became less defined. This indicates restructuring by oxidation and associated volume increase of the oxidized 5-20 nm particles. Despite these apparent changes in the core structure, the core-shell interface on the 500 nm to 1 µm scale remained stable and the shell area did not show any significant differences on this length scale. This might be explained by the thermal stability of the zeolite and the inertness to redox conditions. In addition, the porosity of the core material may allow changes in the core region on the 10 nm scale without affecting the shell on the µm scale. It should be noted that a real core@shell particle with a spherical shape may behave differently than the slice of the core-shell interface studied here, which resulted from the sample preparation procedure.
However, such studies using the whole three-dimensional (3D) particle of this size non-invasively are not currently feasible by in situ electron microscopy.
In Situ X-Ray Ptychography
To extend the hierarchical approach of catalyst characterization and to follow reductive activation, a core-shell interface was additionally studied during the corresponding redox treatments under ambient pressure using in situ X-ray ptychography. Thanks to the higher penetration depth of hard X-rays, a thicker sample (~300-400 nm) could be investigated. Phase contrast images obtained during in situ X-ray ptychography at different temperatures, along with inverted contrast BSE-SEM images under vacuum conditions before and after in situ treatment are depicted in Figure 6 . Changes with respect to the previous image are highlighted by black arrows, whereas blue arrows are used to mark the same positions in the sample. The sample was placed on a Protochips E-Chip TM , which contains electron transparent areas of~50-nm-thick Si 3 N 4 membrane. The interface was placed on top of one of these holes, which can be seen in the ptychographic images by the round shape above the blue arrow, indicating the border of the hole. According to the series of phase contrast images obtained by X-ray ptychography, the catalyst remained unchanged on this length scale (500 nm to 1 µm) up to 250°C in both reducing and oxidizing atmosphere. Although previous TEM analysis showed small changes in the core material, these cannot be resolved by in situ X-ray ptychography at the current resolution limit, but support the ETEM results on a 100 nm scale. However, when the temperature was increased to 350°C, in situ X-ray ptychography revealed visible changes in the core material. Upon moving from reducing to oxidizing atmosphere at 350°C, further changes seem to occur, including an increase of the phase shift (darkening) and thus projected electron density in certain areas, and a possible migration of material (blue arrow). Some reconstruction artifacts were also observed at the right edge of the frame, which appear out of focus. It should be noted that the image quality is somewhat limited compared with electron microscopy. However, images were recorded at 350°C and at ambient pressure and were thus obtained at more realistic environmental conditions than is possible in conventional ETEM, and particularly on a sample which is thicker and therefore more closely resembles a volume of the original catalyst particle.
By SEM-EDX analysis (see Supplementary Fig. 5) , it was confirmed that the dark areas indicated by green arrows in Figure 6 contained Cu. As expected from STEM studies, this material should be reduced during H 2 treatment and subsequently reoxidized under O 2 , but as indicated in Figure 5 , the changes were previously only visible on a small length scale. However, under ambient pressure using a thicker sample, changes on the µm length scale were observed. This can be either related to the pressure, the sample thickness, or the higher temperature applied in comparison with the treatment in the ETEM. By comparing the phase contrast images (Fig. 6, top) showing the electron density along the transmitted sample volume, with the inverted BSE-SEM images (Fig. 6, bottom or Supplementary Fig. 4 ) it is evident that the different contrast mechanisms from BSE-SEM and X-ray ptychography reveal complementary information on both the bulk material and the surface, respectively. With X-ray ptychography, changes unrelated to Cu-containing areas in the core were observed. The blue arrow points to an area with high electron density in the ptychographic images, which is not clearly visible in the BSE-SEM images. Therefore it cannot be related to a high-Z species, but might result from thicker or more densely packed material. With the application of complementary EDX analysis, this part of the sample could be attributed to Si (see Supplementary Fig. 5 ). In fact, the observed changes in this material mean that during in situ treatment at 350°C, not only the Cu-containing material was affected, but also other regions of the core-shell structure. In this case, parts of the Si containing shell seemed to be changed. However, as depicted in Figure 5 (and Supplementary Fig. 3) , the overall core-shell interface itself remained stable, which is critical to maintaining catalyst bifunctionality.
Supplementary Figures 4 and 5
Supplementary Figures 4 and 5 can be found online. Please visit journals.cambridge.org/jid_MAM. The results therefore suggest a behavior schematically shown in Figure 7b . At 250°C changes mainly occurred on the nm scale, as observed by TEM and in agreement with earlier work in the literature (Grunwaldt et al., 2000; Andreasen et al., 2006; Holse et al., 2015) . According to the in situ TEM and X-ray microscopy results, this does not visibly influence the intermediate structure and only increases the interparticle distances on the nm scale. Under these conditions the bifunctional catalyst remains fully intact on the µm scale. However, at 350°C changes which influenced the intermediate length scale of the catalyst were also observed. This might be related to more extensive volume changes caused by reduction/reoxidation or even sintering of the Cu/ZnO particles, although the overall core-shell interface still remained unaffected on the µm scale, as illustrated in Figure 6b . These first changes indicate that the temperature applied might be critical to the catalyst macrostructure and that reductive activation of the catalyst should be performed carefully at low temperatures. This information is crucial for bifunctional core@shell catalysts, as it will influence the surface reactions that take place on the Cu nanoparticles in the core and the heat/mass transport effects which play a role on the µm scale, i.e. diffusion and reaction in the acidic zeolite (Matera & Reuter, 2012; Grunwaldt et al., 2013; Güttel, 2015) .
The present study indicates the importance of performing in situ studies on different length scales in order to characterize hierarchically designed bifunctional catalysts. In addition, this study shows the potential value of complementary electron microscopy and hard X-ray ptychography. Although the complementarity of X-ray and electron microscopy has often been discussed (Thomas & Hernandez-Garrido, 2009; de Groot et al., 2010; Grunwaldt & Schroer 2010; Buurmans & Weckhuysen, 2012; Grunwaldt et al., 2013) , the methods were only rarely applied to study the same catalytic system (Basile et al., 2010) or even the same catalyst samples (Li et al., 2015b; Baier et al., 2016a) . In particular, complementary in situ studies on the same catalytic systems are missing, since this requires the design of special in situ cells and careful sample preparation. Nevertheless, in situ or quasi in situ studies are important to draw more solid conclusions, as the statistics would be limited in multiscale approaches based on ex situ studies (Hofmann et al., 2015) .
Although ETEM can give information on the structural changes on the nanoscale, SEM and X-ray microscopy can probe larger areas. SEM is more surface sensitive, and in combination with backscattering contrast strongly sensitive to the atomic number. X-ray ptychography on the other hand offers information on the electron density along the transmitted beam path through the sample, in a similar manner to TEM. However, as demonstrated here for thicker samples, X-ray ptychography offers a similar resolution to TEM, but with higher contrast (see Supplementary Fig. 6 ). Hard X-ray ptychography furthermore allows combination with resonant measurements to provide chemical contrast (Beckers et al., 2011; Hoppe et al., 2013) , as demonstrated with scanning transmission X-ray microscopy (de Smit et al., 2008; Gonzalez-Jimenez et al., 2012; Meirer et al., 2015) . Alternatively, as depicted in Figure 5 , TEM analysis offers high resolution and the possibility to be combined with spectroscopy (EDX or EELS) and diffraction (selected angle electron diffraction). Nevertheless, for 3D samples studied by two-dimensional transmission imaging, it has to be taken into account that only projections of the electron density are obtained, which requires the need for non-invasive tomographic studies to gain 3D information (Friedrich et al., 2009; Dierolf et al., 2010; Meirer et al., 2011; Holler et al., 2014; da Silva et al., 2015; de Winter et al., 2016) . This would also avoid the invasive sample preparation method required to obtain thin sections for electron microscopy, which could potentially alter the catalyst structure and behavior. For the purposes of studying reductive activation/reoxidation processes, the sample preparation is not expected to influence the catalyst behavior. However, this requires attention before studying catalysts under reaction atmospheres.
Supplementary Figure 6
Supplementary Figure 6 can be found online. Please visit journals.cambridge.org/jid_MAM. The combination of approaches presented here, i.e. in situ hard X-ray ptychography and ETEM analysis, allows complementary information to be obtained on hierarchically designed structures, which should further be combined with in situ tomographic imaging (Price et al., 2015a) for a holistic understanding of the overall structure. The multiscale in situ imaging approach pioneered here for assessing the stability of structure dependent materials such as hierarchically designed core@shell catalysts should be furthered, as it will also be excellently suited for investigating related questions. For example: the stability of particles in reactors such as fluidized bed reactors (stabilizing shell) Meirer et al., 2015) ; the homogeneity, structure and connectivity in shell impregnated catalysts (Grunwaldt et al., 2009 ) and other core@shell catalysts (Li et al., 2010; Lee et al., 2012) ; structural and compositional changes under reaction conditions for bifunctional Fischer-Tropsch catalysts (Kruse et al., 2015) ; or the stability of battery or fuel cell materials (Kee et al., 2008; Ulvestad et al., 2014; Simonsen et al., 2015) . In all these examples, the structure and stability of the material is critically related to the function and a rational hierarchical design. An in situ characterization methodology applied at various length scales and under steadily more realistic conditions is expected to become important in the near future.
CONCLUSIONS
In the present work, the complementary use of in situ hard X-ray ptychography and electron microscopy was evaluated to study the stability of a core@shell catalyst in a hierarchical manner at different length scales. Both activation in hydrogen atmosphere and reoxidation under synthetic air were selected as model conditions for this first case study. ETEM performed on a thin section of the catalyst under reduced pressure revealed a stable core-shell interface at 250°C, although reduction of the Cu-containing core material led to a shrinkage of the particles on the nm scale. Complementary in situ X-ray ptychography allowed studying the system not only under model conditions, but also at atmospheric pressure and on a thicker sample. Whereas at 250°C the core-shell interface was found to be stable, further heating to 350°C indicated changes on the µm scale. According to complementary SEM-EDX analysis not only the Cu-containing core material was affected by the treatment, but also parts of the shell material were rearranged. Despite strong changes in the core material, the overall coreshell interface of the catalyst remained stable, which is critical to maintaining the bifunctional operation of such catalysts.
The results obtained in this study support that complementary information from electron microscopy and X-ray microscopy can be used to study working catalytic systems, covering different length scales and different pressure regimes. In situ X-ray ptychography with better than 30 nm spatial resolution can now start to bridge the gap between high-resolution TEM under idealized conditions, and hard X-ray imaging techniques under more realistic conditions, although simpler sample preparation and improved in situ cells are still areas which require further development. In future, such studies should be performed nondestructively on sections and complete core@shell particles by tomography to fully support the so-called product design of catalysts in chemical engineering.
